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Abstract
The large density of matter in the interaction region of the proton-nucleus or deuteron-nucleus collisions enables the collective
expansion of the fireball. Predictions of the hydrodynamic model for the asymmetric transverse flow are presented and compared
to experimental data.
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1. Introduction
The bulk dynamics of the fireball created in ultrarelativistic heavy-ion collisions is governed by hydrodynamics.
Pressure gradients in the transverse plane lead to a rapid transverse expansion. The azimuthal asymmetry of particle
spectra can be quantified with the flow coefficients vn. Inspection of the initial conditions in the high energy p-A or
d-A collisions shows that collective flow should appear in such systems [1]. Alternatively, saturation phenomena yield
qualitatively similar angular correlations for the emitted particles [2]. We present a selection of results obtained from
the hydrodynamic model in comparison to recent experimental data for p-Pb collisions at the LHC [3, 4, 5] and d-Au
collisions at RHIC [6].
2. The fireball
The multiplicity in p-Pb collisions at
√
s = 5.02TeV reaches values comparable to those in peripheral Pb-Pb
collisions at 2.76TeV. It means that in the most violent p-Pb interactions the energy deposited in the interaction
region is similar as in heavy-ion collisions. The size of the interaction region can be estimated in models of the
initial state, e.g., the Glauber Monte Carlo model or the IP-glasma model [1, 7, 8]. The size of the fireball in p-
Pb collisions is smaller than in peripheral Pb-Pb collisions, which means that the energy density in the center of
the fireball is high and, consequently, the pressure gradients can generate a rapid transverse expansion. From the
Glauber Monte Carlo model [9] of p-Pb interactions one finds that the number of participant nucleons goes beyond 20
for the most violent collisions. Additional fluctuations of the energy deposition in each individual nucleon-nucleon
interaction increase the range of the energies of the fireball. In fact, a simple model which convolutes the distribution
of the participant nucleons with a negative binomial distribution of particles emitted per nucleon-nucleon collision
reproduces the observed distribution of the charged tracks in p-Pb collisions [7]. Event by event fluctuations in the
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Figure 1. (left) Initial eccentricity and triangularity for p-Pb collisions as functions of the number of participant nucleons [1]. (right) Initial
eccentricity in p-Pb collisions from higher order cumulants [10].
partN
5 10 15 20 25 30 35 40 45 500
0.2
0.4
0.6
0.8
1 d-Pb  Glauber Monte-Carlo
ε
2ε
3ε
-3 -2 -1 0 1 2 3
-3
-2
-1
0
1
2
3
x @fmD
y
@fm
D
Figure 2. (left) Initial eccentricity and triangularity for d-Pb collisions as functions of the number of participant nucleons. (right) Initial entropy
density in the transverse plane for a typical d-Pb event [1].
distribution of the participant nucleons in the transverse plane and in the energy deposition yield nonzero initial
eccentricities n of the fireball
neinΨn = −
∫
rn+1einφρ(r, φ)drdφ∫
rn+1ρ(r, φ)drdφ
. (1)
In p-Pb interactions 2 and 3 originate solely from the shape fluctuations of the fireball. These eccentricities
decrease with the number of sources (left panel of Fig. 1). Still, the values of n for the highest multiplicity colli-
sions, where the hydrodynamic expansion takes place, are sizable, hence the resulting v2 and v3 can be measured.
The contributions from fluctuations and from the average asymmetry to the eccentricity can be separated using mul-
tiparticle cumulant measures for the flow coefficients [11]. In the limit of a large number of sources the higher
order cumulants should vanish, as they measure the shape asymmetry. Since in p-Pb collisions the number of par-
ticipant nucleons is limited, the Glauber Monte Carlo model gives a nonzero value of the higher order cumulants n
(right panel of Fig. 1) [10, 12], with the elliptic and triangular flow coefficients following approximately the relation
vn{2} > vn{4} ' vn{6} ' vn{8}, as observed experimentally [13].
When a deuteron hits a large nucleus side-wise, the azimuthal asymmetry is large due to the deformation of the
intrinsic wave function of the deuteron [1]. The shape of the fireball in the transverse plane reflects the large eccentric-
ity of the density profile (right panel of Fig. 2). By triggering on events with a large number of participant nucleons,
configurations with a large 2 are selected (left panel of Fig. 2). The same argument applies to tritium-Au or 3He-Au
collisions [14, 15]. High multiplicity events correspond to configurations where the smaller nucleus hits the larger
nucleus with a large separation between the three nucleons, resulting in large triangularity. The 12C nucleus exhibits
strong nuclear correlations, as it consists of three α-like clusters. The fireball formed in high multiplicity collisions
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Figure 3. (left) Elliptic and triangular flow coefficients of charged particles in p-Pb collisions from the hydrodynamic model compared to the CMS
data [17]. (right) Elliptic flow coefficient of identified particles from the hydrodynamic model compared to the ALICE data [18].
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Figure 4. Average transverse momentum of identified particles in p-Pb collisions, data from ALICE Collaboration [19], compared to the results of
the HIJING model and of the viscous hydrodynamics.
of such nuclei with a large target nucleus exhibits significant geometric triangularity that should be observable as an
increase of the triangular flow for the highest multiplicity events [16].
3. Results of the hydrodynamic model
The expansion of the fireball is described using 3+1-dimensional viscous hydrodynamic simulations with shear
and bulk viscosity [20]. At the freeze-out temperature of 150MeV, hadrons are emitted statistically and resonance
decays are accounted for [21]. The main source of uncertainty in the model calculations resides in the assumptions on
the initial conditions. The details of the hydrodynamic stage involve additional parameter dependence. Nevertheless,
most of the calculations predict flow coefficients consistent with experiment [7, 22, 15, 23, 24, 25], with the exception
of the calculation using IP-glasma initial conditions [26].
The resulting elliptic and triangular flow coefficients for charged particles are shown in Fig. 3. The calculation
describes reasonably well the measured flow asymmetry. The observed elliptic and triangular flow in p-Pb collisions is
similar as in peripheral Pb-Pb collisions, suggesting a common origin. Hydrodynamic calculations in the two systems
explain uniformly these observations via formation of the collective flow. We note that the presence of nonzero har-
monic flow coefficients generates ridge-like structures in the two particle correlation function in the relative azimuthal
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angle and pseudorapidity [27] . The elliptic flow in p-Pb collisions for identified particles shows a splitting between
particles of different mass (Fig. 3 right panel). This behavior arises naturally in the framework of the hydrodynamic
model [28]. A strong elliptic flow is observed in d-Au collisions at RHIC energies [6], consistent with earlier pre-
dictions of the hydrodynamic model. The presence of the collective transverse flow increases the average transverse
momentum of the emitted particles. The transverse momentum of particles emitted in p-Pb collisions is larger than in
models consisting of a convolution of nucleon-nucleon collisions (Fig. 4 right panel) [29]. The hydrodynamic model
predicts a larger transverse flow for heavier particles ( Fig. 4 left panel) [28] and thus explains the mass hierarchy
observed experimentally. For the asymmetric p-Pb or d-Au collisions, the hydrodynamic model predicts stronger
collectivity, i.e. larger vn and larger transverse momenta, on the nucleus-going side.
4. Conclusions
The high energy density in the fireball created in high-multiplicity p-Pb or d-Au collisions at ultrarelativistic
energies implies the possibility of a collective expansion of such a small system. Hydrodynamic calculations are
in semi-quantitative agreement with experimental measurements of the harmonic flow coefficients and the average
transverse momenta of emitted particles.
Acknowledgments:
Supported by National Science Centre grant DEC-2012/05/B/ST2/02528 and by PL-Grid Infrastructure.
References
[1] P. Boz˙ek, Phys. Rev. C85 (2012) 014911.
[2] K. Dusling, R. Venugopalan, Phys. Rev. D 87 (2013) 051502.
[3] S. Chatrchyan, et al., Phys. Lett. B718 (2013) 795.
[4] B. Abelev, et al., Phys. Lett. B719 (2013) 29.
[5] G. Aad, et al., Phys. Rev. Lett. 110 (2013) 182302.
[6] A. Adare, et al., Phys. Rev. Lett. 111 (2013) 212301.
[7] P. Boz˙ek, W. Broniowski, Phys. Rev. C88 (2013) 014903.
[8] A. Bzdak, B. Schenke, P. Tribedy, R. Venugopalan, Phys. Rev. C87 (2013) 064906.
[9] W. Broniowski, M. Rybczyn´ski, P. Boz˙ek, Comput. Phys. Commun. 180 (2009) 69.
[10] A. Bzdak, P. Boz˙ek, L. McLerran, Nucl.Phys. A927 (2014) 15.
[11] N. Borghini, P. M. Dinh, J.-Y. Ollitrault, Phys. Rev. C63 (2001) 054906.
[12] L. Yan, J.-Y. Ollitrault, Phys. Rev. Lett. 112 (2014) 082301.
[13] S. Chatrchyan, et al., CMS Public Web http://twiki.cern.ch/twiki/bin/view/CMSPublic/ PhysicsResultsHIN14006.
[14] A. M. Sickles, et al., arXiv:1310.4388.
[15] J. Nagle, A. Adare, S. Beckman, T. Koblesky, J. O. Koop, et al., arXiv:1312.4565.
[16] W. Broniowski, E. R. Arriola, Phys.Rev.Lett. 112 (2014) 112501.
[17] S. Chatrchyan, et al., Phys. Lett. B724 (2013) 213.
[18] B. B. Abelev, et al., Phys. Lett. B726 (2013) 164.
[19] B. B. Abelev, et al., Phys. Lett. B728 (2014) 25.
[20] P. Boz˙ek, Phys. Rev. C81 (2010) 034909.
[21] M. Chojnacki, A. Kisiel, W. Florkowski, W. Broniowski, Comput. Phys. Commun. 183 (2012) 746.
[22] G.-Y. Qin, B. Mu¨ller, Phys. Rev. C89 (2014) 044902.
[23] K. Werner, M. Bleicher, B. Guiot, I. Karpenko, T. Pierog, Phys. Rev. Lett. 112 (2014) 232301.
[24] I. Kozlov, M. Luzum, G. Denicol, S. Jeon, C. Gale, arXiv:1405.3976.
[25] A. Bzdak, G.-L. Ma, arXiv:1406.2804.
[26] B. Schenke, R. Venugopalan, arXiv:1405.3605.
[27] P. Boz˙ek, W. Broniowski, Phys. Lett. B718 (2013) 1557.
[28] P. Boz˙ek, W. Broniowski, G. Torrieri, Phys. Rev. Lett. 111 (2013) 172303.
[29] A. Bzdak, V. Skokov, Phys. Lett. B726 (2013) 408.
4
